Some humans are persistently more susceptible to gastrointestinal nematodes than others. Here, for the first time, susceptibility to reinfection has been linked to host cytokine responses. Ascaris lumbricoides and Trichuris trichiura abundance was assessed immediately before and 8-9 months after deworming in a Cameroonian population (starting ). Profiles of whole-blood cytokine responses to parasite antigens (for interleukin n p 191 [IL]-5, IL-13, IL-10, IL-12p40, tumor necrosis factor-a, and interferon-g), assayed before treatment, were significantly related both to an overall measure of host susceptibility and to susceptibility to reinfection. Significant effects were primarily due to a negative association between IL-13 and IL-5 responses and infection. Persistently susceptible individuals were, therefore, characterized by a weak T helper cell type 2 response. The apparent plasticity of age-specific cytokine response-worm abundance relationships between different populations is also discussed.
Some humans are persistently more susceptible to gastrointestinal nematodes than others. Here, for the first time, susceptibility to reinfection has been linked to host cytokine responses. Ascaris lumbricoides and Trichuris trichiura abundance was assessed immediately before and 8-9 months after deworming in a Cameroonian population (starting ). Profiles of whole-blood cytokine responses to parasite antigens (for interleukin n p 191 [IL]-5, IL-13, IL-10, IL-12p40, tumor necrosis factor-a, and interferon-g), assayed before treatment, were significantly related both to an overall measure of host susceptibility and to susceptibility to reinfection. Significant effects were primarily due to a negative association between IL-13 and IL-5 responses and infection. Persistently susceptible individuals were, therefore, characterized by a weak T helper cell type 2 response. The apparent plasticity of age-specific cytokine response-worm abundance relationships between different populations is also discussed.
A recurring epidemiological feature of gastrointestinal (GI) nematode infection in humans is that some individuals show persistent susceptibility after treatment [1] . Worms are also known, in general, to skew mammalian adaptive immune activity toward Th2 responses [2, 3] . Although the expression of Th2 activity has long been associated with resistance to GI nematodes in murine models [4] , only recently has an inverse link been demonstrated between Th2 cytokine responses and susceptibility in humans [5] . Until now, furthermore, no investigation has considered whether cytokine-response profiles can be a predictor of persistent human susceptibility to GI nematodes.
The present study aimed to investigate associations between cytokine expression and GI nematode infection patterns in a human population in Nyomo, Cameroon, exposed to Ascaris lumbricoides and Trichuris trichiura. Parasite fecal egg counts (FECs) were recorded for a study group immediately before and 8-9 months after deworming. Ex vivo cytokine responses (interleukin [IL]-5, IL-13, IL-10, IL-12p40, tumor necrosis factor [TNF]-a, and interferon [IFN]-g) to parasite antigens were assayed in whole-blood samples obtained concurrently with the pretreatment parasitological samples. These data were used to test 2 related hypotheses: that overall susceptibility to GI nematodes is associated with cytokine responses and, specifically, that susceptibility to reinfection is associated with historical cytokine-expression profiles in individuals. Parasite antigens. Detergent extracts [6] were prepared from whole adult female A. lumbricoides and T. trichiura expelled after treatment with Oxantel (Pfizer) of infected Cameroonians from the study area. After dialysis, the resulting somatic antigen preparations (AlAg, A. lumbricoides; TtAg, T. trichiura) were filtersterilized, and protein concentration was determined by Bradford assay (BioRad). T. muris excretory/secretory antigen (TmES) was prepared as described elsewhere [7] .
PATIENTS, MATERIALS, AND METHODS

Study population.
Whole-blood culture. Blood collection and whole-blood cultures were performed as described elsewhere [5] . Cultures were stimulated with homogenate extracts (AlAg and TtAg) at a concentration of 10 mg/mL and with TmES at a concentration of 5 mg/mL. Stimulation with phytohemagglutinin (PHA; Sigma) and streptolysin O (SLO; Difco Laboratories) was at concentrations of 5 mg/mL and 1:50, respectively. Before use, all parasite-derived antigens were incubated with 500 USP units/mL polymyxin B for 4 h at 4ЊC, to ablate possible enterobacterial lipopolysaccharide (LPS) contaminants [7, 8] . This treatment has been determined to completely remove the capacity of up to 5 mg/mL Escherichia coli LPS to stimulate TNF-a production in human whole-blood cultures (J.D.T., unpublished data).
Cytokines. Cytokine responses to parasite antigens in whole-blood cultures were assayed by ELISA (IL-5, IL-12p40, and IFN-g, R&D Systems; IL-10, IL-13, and TNF-a, BD Pharmingen). Responses to PHA and SLO were also recorded (data not shown), to allow an assessment of general responsiveness, but statistical analyses were confined to the parasite-derived antigens. Manufacturers' instructions were followed for all assays. Cytokine concentrations were determined from opticaldensity values for a set of cytokine standards run in duplicate on each plate (Immulon; Thermo Labsystems) (range, 15-2000 pg/mL for IL-5, IL-10, IL-12p40, IL-13, and TNF-a; range, 15-1000 pg/mL for IFN-g). IL-4 responses could not be recorded at meaningful levels by ELISA. Because IL-5 and IL-13 are usually coexpressed with IL-4 [9] , their levels are here assumed to reflect Th2 activity.
Data analysis. Principal components analysis (PCA), a widely used data-reduction technique [10] , was used to represent multivariate variation in both the parasitological and cytokine data sets with a small number of summary variables (principal components). Each principal component is a linear combination of the original variables and describes an independent pattern of correlation within a multidimensional space. Analysis was performed with the correlation matrix (variables standardized to zero mean and unit SD) so that the contribution of individual variables was not influenced by their variance. The principal component coefficient for each variable can be understood to reflect the strength and direction of its association with the component. After PCA, each component may be given a biological interpretation according to the pattern of coefficients obtained [10] . Principal component scores [11] were generated for each individual (as the sums of the products of coefficients and standardized observed values). These were used to represent variation along the principal component in statistical analyses (allowing significant trends to be determined without multiple testing; see below). All variables were log transformed (log 10 [x + 1]) before PCA (to reduce skewness). Patients with missing values were not considered. Principal components were selected for further analysis if their eigenvalue (associated with the amount of total multivariate variation represented by the component) exceeded unity. Robustness of the first component in each PCA was assessed by a randomization test on the eigenvalue (based on 1000 random permutations of the data set). An initial PCA for cytokine data was based on 18 variables (6 cytokines ϫ 3 parasite-specific antigens) measured in picograms per milliliter. However, variation due to cytokine, rather than antigen, identity was clearly more important (tested by analysis of variance [ANOVA] on principal component coefficients, with cytokine and antigen as factors). Therefore, values for the standardized antigen variables, per cytokine, were obtained (measured in arbitrary units), means were calculated, and PCA was repeated on the 6 resultant mean cytokine variables. This also had the advantage that the distributions of the new variables were less skewed, potentially improving the performance of the PCA.
The relationship between cytokine variables (analyzed as the response) and parasitological variables (analyzed as a covariate) was assessed by general linear models (GLMs), with terms for sex (factor) and age (covariate) included. Quadratic terms for age (to allow for curvature in the age-cytokine expression relationship) and 2-way interaction terms involving sex, age, and parasitological variables were also assessed but were deleted (and not reported) if not significant. Use of FEC-derived data (with a potentially large measurement error) as covariates was countenanced because of the relatively high reliability coefficients obtained for repeat counts (0.7-0.9, based on Spearman's correlation coefficients). Log-transformed mean cytokine values were used in all analyses of individual cytokine effects. Mean cytokine variables that did not produce normal residuals from GLMs were analyzed by bootstrap tests [12] . These were based on GLMs: pooled residuals from a model (sex + age + parasite variable) fitted to the raw data were resampled with replacements and used as the response variable in the same model. Significance of the observed (raw data) F value for the parasitological variable was assessed from a frequency distribution of this F for 1000 sets of resampled residuals. For analysis of reinfection, parasitological data were used to define binary variables (individuals infected both before and after treatment p 1; individuals infected before treatment but not after treatment p 0). These were analyzed in relation to age, sex, and cytokine variables by logistic regression. PCA, GLMs, and binary logistic regression analysis were performed by use of MINITAB software (version 13.32).
Because of the complexity of the unreduced data (with 6 mean cytokine variables and 4 parasitological variables that could be considered in many different potential combinations), some strategy was required to limit the risk of a "data fishing" effect. This strategy was, after PCA, to define 2 sets of initial tests on component scores that corresponded to the hypotheses defined above. Hereafter, these are denoted "H1" (null hypothesis p overall susceptibility to GI nematodes is not related to cytokineresponse profiles) and "H2" (null hypothesis p susceptibility to reinfection is not associated with historical cytokine-expression profiles in individuals). Contingent on significant results in the defined tests, further analyses were performed on particular age classes and individual, unreduced cytokine variables.
Confidence intervals (CIs) for percentages were estimated by the Clopper-Pearson method [13] . SEs and CIs for means are bootstrap estimates based on 1000 balanced resamplings. Significance level is taken as . P p .05
RESULTS
PCA of parasitological data. PCA of the 4 parasitological variables recorded (pre-and posttreatment FEC for T. trichiura and A. lumbricoides; data summarized, by age class, in table 1) produced a first component accounting for 47.1% of total variation ( , randomization test on eigenvalue). This showed co-P ! .001 efficients of similar magnitude and the same sign for all 4 variables (table 2) and was interpreted as representing general susceptibility to nematodes. Scores for this component (pPC1) were used as a measure of overall individual susceptibility (hereafter, "general susceptibility") in subsequent analyses. PCA of cytokine data: responses to parasite antigens. Responses to 3 different parasite-derived antigens (AlAg, TtAg, and TmES) were measured in a set of 6 cytokines (IL-13, IL-5, IL-10, IL-12p40, TNF-a1, and IFN-g) (data summarized in table 3). PCA of the 18 resultant variables produced first and second components accounting for a significant proportion of total variation (20.4% and 12.0%, respectively). Individual cytokine responses to the 3 antigens tended to be similar. This effect was demonstrated by 2-way ANOVA on the coefficients for the first (PC1) and second (PC2) principal components, with "cytokine" and "antigen" as factors (PC1: cytokine, F ). Therefore, to simplify the analysis (and focus on P p .119 intercytokine variation, rather than on the less-significant effects of specific antigens), means were calculated, per cytokine, for the 3 parasite-derived antigens, and the PCA was repeated on the 6 resultant variables (table 4). The first 2 components now accounted for 31.1% and 19.8%, respectively, of total variation ( , randomization test on first-component eigen-P ! .001 value). The cytokine first principal component (cPC1) showed large coefficients of the same sign for IL-13 and IL-5 (10.6) and, to a lesser extent, for IL-10 and IFN-g (10.3). The cytokine second principal component (cPC2) showed a very large coefficient for TNF-a (10.7) and smaller coefficients (10.3) of the same sign for IL-10, IL-12, and IFN-g. Individual scores against cPC1 and cPC2 were used to represent variation in cytokine profiles in further analyses. For ease of understanding, these components are respectively termed after the responses they primarily represent (cPC1 p Th2-dominated response; cPC2 p inflammatory response), although it is recognized that, for each component, there were some contributions from cytokines representing different response types. Scores for both principal components did not depart significantly from normality ( , Kolmogorov-Smirnov test). P 1 .05 Age-and sex-dependent cytokine responses. When analyzed in a single age class (4-57 years) model, without including the effect of GI nematodes, Th2-dominated response demonstrated no significant association with sex ( ; F p 1.76 P p 1, 115 ) but did demonstrate a significant linear decrease with age .187 ( ; ). A significant curvilinear relationship F p 12.49 P ! .001 1, 115 between age and Th2-dominated response ( ; F p 4.86 P p 2, 77 ) (figure 1A) emerged when general susceptibility was added .010 to the model (analysis based on the subset of individuals with a full set of parasitological observations). This indicated that Th2 cytokine expression increased modestly until age 18 years and then decreased ( figure 1A) .
When GI nematode infection was not considered, inflammatory response was independent of sex ( ; F p 1.26 P p 1, 114 ) and showed a marginally nonsignificant curvilinear as-.264 sociation with age ( ; ). When general sus-F p 2.67 P p .074 2, 114 ceptibility was added to the model, the curvilinear relationship between age and inflammatory response became more significant ( ; ). Both analyses (with and without F p 6.02 P p .004 2, 77 general susceptibility) indicated that inflammatory response increased until above age 30 years, then decreased ( figure 1B) .
Cytokine-response profiles and general susceptibility. In a single age class model, Th2-dominated response, strongly reflecting variation in IL-5 and IL-13, was significantly negatively related to general susceptibility (H1: ; F p 5.61 P p 1, 77 ), but there was also a significant interaction between age .020 and general susceptibility ( ; ). To describe F p 5.99 P p .017 1, 77 age-dependent changes in the relationship between general susceptibility and Th2-dominated response, the data set was divided into 2 age classes, 4-13 and 14-57 years. These classes separated juveniles from adults (who had lower infection levels; table 1) and approximated the age ranges in which distinct Th2 cytokine-GI nematode abundance relationships have been found [5] . Simple slope analysis of the age-general susceptibility interaction [14] also suggested that the general susceptibility coefficient, by year, was strongly significantly less than zero ( level) only until age 13 years. In the younger P p .01 (4-13 years) age class, there was a significant negative relationship between general susceptibility and Th2-dominated response ( ; ) (figure 2A). These were inde-F p 8.91 P p .005 1, 45 pendent in the older (14-57 years) age class ( ; P F p 0.27 1, 29 p .605) (figure 2B). Further analysis was performed on individual cytokines in the younger (4-13 years) age class, to assess their contribution to the significant effect found for Th2-dominated response. There was a significant negative relationship with general susceptibility only for IL-13 ( ; P p .019), F p 5.80 1, 60 although IL-5 ( ; ) showed a marginally non-F p 3.70 P p .059 1, 58 significant negative effect ( figure 3 ). Inflammatory response, strongly reflecting variation in TNF-a, was not significantly related to general susceptibility in a single age class model (H1: ; ) . F p 0.68 P p .412 1, 77 Cytokine-response profiles and reinfection. A binary variable representing persistent susceptibility (predisposed p patients originally infected who became reinfected; resistant p patients originally infected who did not become reinfected) was analyzed by logistic regression, with age, sex, and either Th2-dominated response or inflammatory response as explanatory variables. For this analysis, hosts were classified as infected if harboring T. trichiura and/or A. lumbricoides. In single age class scores from principal components analysis of the parasite fecal-eggcount variables) in the younger (4-13 years) age class. Allowing for sex and age, a significant negative relationship for IL-13 was found, and a marginally nonsignificant negative relationship for IL-5 was found. For reference, least-squares regression lines are shown. Cytokine variables were log transformed per individual means (arbitrary units) for standardized responses to 3 parasite-derived antigens (Ascaris lumbricoides antigen, Trichuris muris antigen, and T. muris excretory/secretory antigen) measured in picograms per milliliter. models, there was a positive association between resistance and Th2-dominated response (H2: , ; , z p Ϫ2.33 P p .020 n p 33 1 ) (figure 4A) but not between resistance and inflamn p 38 2 matory response (H2: , ; , z p Ϫ0.06 P p .956 n p 33 n p 1 2 ). Further analysis was performed on individual cytokine 38 variables (log transformed) to assess their contribution to the significant effect for Th2-dominated response. A significant effect was found only for IL-5 ( , ; , z p Ϫ2.27 P p .023 n p 44 1 ) (figure 4B). n p 44 2
DISCUSSION
Turner et al. [5] have suggested that Th2 cytokines are important in human immune responses controlling GI nematode infections to subpathogenic levels and might, therefore, be associated with a level of resistance to reinfection. The present results have corroborated this hypothesis in a population in Nyomo, Cameroon, exposed to A. lumbricoides and T. trichiura.
When age and sex were accounted for, Th2 cytokine responses immediately before deworming had a significant negative effect on the probability of reinfection 8-9 months later. There was a highly significant individual effect for IL-5. This demonstrates, for the first time in humans, a relationship between past cytokine expression patterns in infected individuals and future susceptibility to GI nematodes. It provides a mechanistic explanation for persistent susceptibility as being due, at least partly, to variation in Th2-driven immune responses.
When age and sex were accounted for, a measure of overall susceptibility to GI nematodes was also significantly related to Th2 cytokine response in 4-13-year-old hosts. With respect to individual cytokines, IL-13 response was significantly negatively related to overall susceptibility, with a marginally nonsignificant negative effect for IL-5. These results strongly validate the relevance of murine models that have indicated a causal link between Th2 responses and resistance to GI nematodes [4, 15] . Although the way in which Th2 cytokines coordinate this control is not fully resolved, and although different mechanisms may be important in different murine models, the induction of mast cells, eosinophils, IgE, and IgA can be involved [16] . Key effector mechanisms within the intestinal mucosa can include T cell-and mast cell-driven increases in epithelial permeability, muscle hypercontractility, and mucus production [16, 17] .
Relationships between cytokine variation and susceptibility were detected within different age ranges in the Nyomo population and in another study of A. lumbricoides infection in Ayéné, Cameroon [5] . In Ayéné, significant negative association between Th2 cytokines and infection level was observed only in an older (12-36 years) age class. In the present analysis, negative effects were strongest in a younger (4-13 years) age class. The age dependence of cytokine-response profiles also differed in Nyomo. Here, when the full cytokine data set was considered and no adjustment was made for nematode infection, Th2 responses to parasite-derived antigen decreased in older hosts. Adjustment for GI nematode susceptibility (across the subset of individuals for whom parasite data were available) suggested a curvilinear relationship, with Th2 cytokine expression increasing weakly until age 18 years, then decreasing. In the full cytokine data set unadjusted for nematode infection, inflammatory responses primarily associated with TNF-a expression were only marginally influenced by age. However, adjustment for GI nematode susceptibility suggested a curvilinear relationship, with expression increasing to its highest levels above age 30 years. In Ayéné (not considering the effects of nematode infection), Th2 cytokine responses were more frequent, and proinflammatory IFN-g responses were less frequent, in hosts 112 years old (although there were no differences in absolute levels of cytokine production between the age classes). Correspondingly, Faulkner et al. [8] , in a study of 7-12-year-old hosts with respect to T. trichiura antigen at Ayéné, found very weak Th2 cytokine responses in this age group. Bancroft et al. [18] have shown that transmission regime may affect host cytokine-response profiles in the T. muris-murine model. It is possible, then, that interpopulation differences may arise from variation in age-specific infection pressure or from the historical dynamics of infection. A. lumbricoides and T. trichiura intensities were much greater in Ayéné (overall arithmetic mean FEC, 17,343 vs. 5568 for A. lumbricoides and 7939 vs. 960 for T. trichiura). Perhaps high infection pressure in Ayéné produced greater pathogenic damage and stimulated stronger proinflammatory responses in young hosts. Effective Th2-polarized responses may, in this case, have been suppressed in the hosts in the 2-11-year-old age class, only to develop more slowly in older hosts. However, it is equally possible that the observed interlocality differences in cytokine responsiveness could have been driven by unmeasured environmental influences, including infections with other parasites, bacteria, or viruses.
These observations could have implications for deworming strategies. Although antiworm treatment could have benefits in terms of the removal of pathological effects [19] and perhaps increased growth and cognitive ability in children [20] [21] [22] ; but see 23] , there may also be immunological consequences. Helminths can modulate host immune responses to concurrent infections [24] and vaccination [25] [26] [27] , and it has been suggested that antiworm drug treatment could influence host responsiveness to other pathogens [28] [29] [30] . Such effects are likely mediated by worm-induced changes in the host cytokine environment. Helminthiases typically result in T cell hyporesponsiveness and a bias toward Th2 responses [31] . Because of the anti-inflammatory nature of these changes, the balance between beneficial and immunopathological inflammatory responses toward bystander infections could be affected by deworming treatment. The present results suggest that the context in which antiworm treatment occurs (i.e., in terms of the cytokine environment in wormy hosts) might vary with host age and between populations. On the basis of a comparison with the study of Turner et al. [5] , patterns of cytokine expression at the population level are plastic, with different age-dependent trends at different localities. Local conditions could, thus, be of great importance in determining the potential effects of treatment. For instance, it might be speculated that, in Ayéné, a successful deworming program in children !11 years old (who have stronger inflammatory responses than do adults) might increase the children's subsequent risk of immunopathological damage. In Nyomo, however, children develop Th2-skewed responses earlier and might be affected by treatment in a different way.
In conclusion, our results from Nyomo support an inverse association between Th2 cytokines and overall susceptibility to GI nematodes in younger (4-13-year-old) hosts. This finding is consistent with effects observed in animal models and in previous studies of human populations. Furthermore, an association has been shown between Th2 responses and reinfection: pretreatment levels of IL-5 in infected hosts were positively related to resistance 8-9 months later. Future patterns of susceptibility may, thus, be predicted by past Th2 responsiveness.
Comparison of the present results to those found in another Cameroonian population also suggests that age-specific cytokine-response patterns to GI nematodes vary between localities. Intermittent antihelmintic treatment could, therefore, produce unpredictable effects on the development of cytokine regulatory networks in different populations, with possible consequences for bystander infections.
